Deforestation-reinforced by illegal logging-is a serious problem in many tropical regions and causes pervasive environmental and economic damage. Existing laws that intend to reduce illegal logging need efficient, fraud resistant control methods. We developed a genetic reference database for Jatoba (Hymenaea courbaril), an important, high value timber species from the Neotropics. The data set can be used for controls on declarations of wood origin. Samples from 308 Hymenaea trees from 12 locations in Brazil, Bolivia, Peru, and French Guiana have been collected and genotyped on 10 nuclear microsatellites (nSSRs), 13 chloroplast SNPs (cpSNP), and 1 chloroplast indel marker. The chloroplast gene markers have been developed using Illumina DNA sequencing. Bayesian cluster analysis divided the individuals based on the nSSRs into 8 genetic groups. Using self-assignment tests, the power of the genetic reference database to judge on declarations on the location has been tested for 3 different assignment methods. We observed a strong genetic differentiation among locations leading to high and reliable self-assignment rates for the locations between 50% to 100% (average of 88%). Although all 3 assignment methods came up with similar mean self-assignment rates, there were differences for some locations linked to the level of genetic diversity, differentiation, and heterozygosity. Our results show that the nuclear and chloroplast gene markers are effective to be used for a genetic certification system and can provide national and international authorities with a robust tool to confirm legality of timber.
Illegal logging significantly contributes to deforestation, biodiversity loss, and economic problems (Degen et al. 2013) . Illegally traded timber creates extremely low-priced products, which destabilize legal markets (Gray 2002 ) and lead to losses in profits of around 50 to 156 billion dollars per year (May 2017) . Between 50% to 90% of the timber from tropical forests in the Amazon Basin is estimated to be illegal. Illegal timber corresponds globally to 5 million hectares, or more than 100 million m 3 , of timber per year (Lawson and MacFaul 2010) . One of the most valuable, intensely harvested, traded, and probably most affected group of timber species in the Amazon tropical forest of Brazil is the genus Hymenaea L. (Lacerda et al. 2008a ), belonging to the Fabaceae family. Hymenaea wood (Jatoba) is used for furniture and flooring. The bark and resin are harvested as a remedy for various diseases, as well as an essential ingredient of traditional Amazonian/ Guianese alcoholic drinks (da Silva et al. 2014) . Moreover, the resin can be used for varnish, fuel, incense, and for waterproofing purposes.
Several laws and regulations, such as the EU timber regulation, the US Lacy act and the Australian prohibition bill, have been enacted in order to reduce the amount of illegal timber imported into the EU, United States, and Australia . The positive impact of these laws depends on the power of law enforcement measures. Such timber tracking methods are required, but methods based only on documentation are sensitive to manipulation and forgery. The use of wood anatomical, isotopic, and spectrometric methods is limited due to variations in tissue type, age, or environmental influences on wood composition (Pe et al. 1997; Durand et al. 1999; Tnah et al. 2009 ). DNA based methods have successfully been applied to identify tree species (Höltken et al. 2012) , to track the country of origin (Degen et al. 2013) , to verify the forest concession from which it was issued (Jolivet and Degen 2012) , and to track individual trees (Lowe et al. 2010) . Thus, molecular methods that allow correct identification of tree species and tracking of timber origin are essential for controls on the legality of timber by public authorities, industry, and trading companies .
The DNA, which is present in timber, tends to show a certain level of degradation. For this reason, single nucleotide polymorphisms (SNPs) are the best type of gene markers to use in timber because of their small size. SNPs can be developed from chloroplast (cpDNA), mitochondrial (mtDNA), and nuclear DNA (Pakull et al. 2016) . Chloroplast (cp) genomes are maternally inherited in most angiosperms; they show low mutation and recombination rates. Therefore, the intraspecific genetic variation of cpDNA is lower than the interspecific variation. Furthermore, the maternal mode of inheritance and reduced seed dispersal frequently generate intraspecific variation among populations with little or no intrapopulation variation (Powell et al. 1995) . Particularly, the magnitude of intraspecific variation has been sufficient to allow population-based studies (Soltis et al. 1992) .
Moreover, cpDNA markers are more structured than nuclear DNA markers on geographically larger scales (Nielsen and Kjaer 2008) , though at small geographical scales the variation of cpDNA markers might be too low for individual identification (Jolivet and Degen 2012) . In these cases, nuclear DNA markers can be used for population assignment (Ng et al. 2016) or DNA fingerprinting of individual trees (Tnah et al. 2010) .
The results presented here are part of the activities carried out within an international cooperative project on the development of genetic reference databases for timber tracking of tropical trees (LargeScale project: https://www.thuenen.de/en/fg/projects/ current-projects/largescale/, accessed April 24, 2018). As part of the LargeScale project, we have used both chloroplast and nuclear DNA gene markers to create a genetic reference database to determine the location of origin for the high value timber species H. courbaril. We show the genetic structure of the species for both types of gene markers and see how different parameters on heterozygosity, genetic diversity, and genetic differentiation have impacts on the success of the genetic assignment to the origin of individuals. Special focus is given to the comparison of 3 different statistical methods for genetic assignment. So far, mostly Bayesian methods (Rannala and Mountain 1997) and frequency based approaches (Cornuet et al. 1999) have been used for the geographic assignment of genotypes. Recently, an alternative nearest neighbor approach was developed , which is supposed to be less sensitive to departures from Hardy-Weinberg proportions in the populations.
Materials and Methods

Study Species
The genus Hymenaea is a pantropical genus of the Fabaceae family and includes 16 described species. Hymenaea courbaril is a tropical tree species with a wide distribution area, occurring naturally from Southern Brazil up to Mexico, including the Antilles (Lacerda et al. 2008a; Souza et al. 2014) . Flowering occurs when the tree reaches a diameter at breast height (dbh) of 50 cm (Lacerda et al. 2008a ). The hermaphroditic flowers are pollinated by bats (Maués 2006) . A self-incompatibility system has been observed (Gibbs et al. 1999) . For that reason, reproduction occurs by outcrossing, but deviations from random mating, caused by mating among relatives, have been detected (Dunphy et al. 2004; Lacerda et al. 2008a; Carneiro et al. 2011) . A small proportion of seeds are dispersed over long distances by vertebrates, but most fruits remain close to mother trees (Bawa 1974; Justiniano and Fredericksen 2000; Lacerda et al. 2008b ). The high proportion of seeds remaining near to mother trees is thought to be the reason for small scale spatial genetic structure detected for up to 400 m (Lacerda et al. 2008a) . Generally, H. courbaril shows low population density (<1 tree/ha) and slow growth rates. Tree size varies widely and has been directly related to occupied habitat; in tropical forest individuals reach heights up to 65 m, whereas in savannahs and semi-arid forests the mature trees might grow up to a height of only a few meters.
Sampling
Cambium or leaf samples from adult trees were collected, and the GPS coordinates of all sampled trees were recorded. In total, 308 individual trees from 12 locations in 4 countries (Bolivia, Brazil, French Guiana, and Peru) were sampled (Table 1, Figure 1 ), the minimum distance among sampled trees was 50 m. The minimum sample size per location was 20 individuals. After sampling, all collected plant material was stored and dried in silica gel. All samples were registered in a database at the Thünen Institute (SampleDataBase, Grosshansdorf, Germany).
DNA Extraction
DNA extraction was carried out in 3 laboratories: Thünen Institute of Forest Genetics, Grosshansdorf, Germany; LGPS II-Genetic Population and Sylviculture Laboratory, University of the São Paulo State, Ilha Solteira, Brazil; and IIAP-Peruvian Amazon Research Institute, Iquitos, Peru. Total genomic DNA was extracted from leaves and cambium using a modified version of the ATMAB standard protocol (Dumolin et al. 1995) . DNA quality and integrity were evaluated on 1% agarose gel electrophoresis with 1× TAE as running buffer (Sambrook et al. 1989) , stained with Roti ® -GelStain (Roth, Karlsruhe, Germany) and visualized by UV illumination. DNA concentration was measured using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, USA). Samples with good DNA quantity and quality were further quantified with a Qubit ® 3.0 Fluorometer (Invitrogen, USA).
Gene Marker Development nSSR analysis was based on markers published by Ciampi et al. (2008) and Buonamici et al. (2008) (see SSR analyses) .
cpSNP identification was based on low coverage MiSeq genome sequencing (Straub et al. 2012) . A total of 10 individuals/samples of Hymenaea courbaril sampled from French Guiana (Guatemala: 2 individuals, and Iracoubo), Honduras (Comayagua), Brazil (Parauapebas and Amazonas), and Bolivia (Cobija: 2 individuals, and Rurrenabaque: 2 individuals) were used for sequencing. To prevent the use of misidentified individuals from other species, parts of the rbcL and tRNALeu genes (primers: rbcl_Hymenaea_for: "actcctgactatgaaaccaaagatactg", rbcl_Hymenaea_rev: "cttcaaaaaggtctaagggataagctac"; tRNAleu_ Hymenaea_for: "cagagaaaccctggaattaacaatgggc"; tRNAleu_Hymenaea _rev: "gtattgacatgtggagcgggactctatc") were PCR amplified (see SSR Analyses for PCR conditions) from all chosen individuals. Sanger sequencing of the rbcL and tRNALeu PCR products was carried out by StarSeq (Mainz, Germany). Sanger sequence analysis was carried out using Sequencher 4.9 software (Gene Codes Cooperation, AnnArbor, USA).
Library generation and sequencing on the Illumina MiSeq v3 (2x300bp paired-end reads) was done by Eurofins Genomics (Ebersberg, Germany). All 10 barcoded individuals were sequenced on a single flow cell. Sequences were demultiplexed based on double index adapters. If not stated otherwise, CLC Genomics Workbench (CLC GWB) (v8.5.1; CLC bio, Aarhus, Denmark) was used for data processing. Initial quality control of the NGS reads was done with FastQC (http:// www.bioinformatics.babraham.ac.uk/projects/fastqc/, accessed April 24, 2018). Adapter sequences were removed by the trimming software Trimmomatic (Bolger et al. 2014) . Further trimming was done by CLC GWB including quality trimming (quality limit of 0.01) and removal of sequences shorter than 50 bp. An individual from Iracoubo in French Guiana (HYCOU_12_2) was selected as the reference individual as it produced the best data quality and quantity after trimming compared to all other samples. De novo sequence assembly of the trimmed reads was done with a length fraction of 0.9 and a similarity fraction of 0.95. All remaining parameters were set to default. Chloroplast contigs were identified by selection of contigs with high/medium read coverage and subsequent blast verification, resulting in 12 chloroplast reference contigs with a total length of 133 768bp. Trimmed reads of each individual were mapped to the reference contigs with a length fraction of 0.94 and a similarity fraction of 0.98. SNPs/Indels were called using basic variant detection with default options.
SNPs and Indels of all individuals were merged into one matrix for further variant selection using the in-house tool varianttools (Schroeder et al. 2016) . SNPs and Indels were selected for further analysis based on the following criteria: no other SNP present within at least 50bp on both sides of a selected SNP, good sequence coverage (sequence data for at least 9 out of 10 individuals), and different patterns of allele distribution within the different individuals used for sequencing.
A total of 32 selected SNP markers (see Supplementary Material I for SNP sequence information) were used for a MassARRAY®iPLEX™ based screening of the population samples ( Table 1) .
Markers that proved to be fixed to one variant, or redundant in terms of co-occurrence of haplotypes with other markers during data analysis (see below) were removed from the final marker set, resulting in a total number of 14 cp-markers (13 SNP and 1 Indel marker) used in final data analysis.
SSR Analyses
Microsatellite analysis was carried out using 10 nSSRs: Hc_14, Hc_17, Hc_33, and Hc_40 (Ciampi et al. 2008); and Hym_2, Hym_3, Hym_4, Hym_5, Hym_6, and Hym_7 (Buonamici et al. 2008) . Forward primers were labeled with different fluorescent dyes (Table 2) . PCR reactions were carried out using 20 ng of DNA, 0.6 U Taq polymerase (DCS Pol, DNA Cloning Service, Hamburg, Germany), 1× Taq buffer, 0.3 µL enhancer (360 GC Enhancer, Applied Biosystems, Foster City, USA), and final concentrations of 200 µM for each of the 4 dNTPs and 2 mM (for HC_14 and HC_17) or 1.75 mM (for all other markers) of magnesium chloride in a total volume of 15 µL. PCR reactions were carried out in a Lab cycler using the following conditions: 94 °C for 3 min, followed by 30 cycles of 94 °C for 30 s, an annealing temperature ranging from 50 to 58 °C for different nSSR markers (Table 2) for 30 s, 72 °C for 1 min and a final elongation step of 10 min at 72 °C. Primer labels, primer concentrations, and annealing temperatures are given in Table 2 . The markers Hym_2, Hym_3, Hym_5, Hym_6, and Hym_7 were amplified in a multiplex-PCR. PCR products were analyzed on an ABI Prism 3730 sequencer (Applied Biosciences/ Thermo Fisher, Darmstadt, Germany). Fragment sizes were determined using GeneMarker 2.6.4 software (Soft Genetics LLC).
Data Analysis
Genetic Diversity/Heterozygosity As a measure for genetic diversity, we computed the effective number of alleles (v) of each location (Gregorius 1987) . Observed heterozygosity (H o ) and expected heterozygosity (H e ) were computed as described in Weir (1990) . The mean fixation index (F IS ) within each population (Wright 1978) was calculated as an indicator for the departure from Hardy-Weinberg expectations.
Genetic Differentiation
To measure the difference between groups (locations), we calculated the gene pool distance d 0 (Gregorius 1984) . The statistical significance of the genetic distances was computed by permutation tests (single genotypes or multilocus haplotypes as units of permutation).
Based on gene pool distances, the complementary compositional differentiation δ among the gene pools of the groups has been computed (Gregorius 1987) . For comparison, we also calculated the commonly used Wright's F ST (Wright 1978) which is a measure of fixation (monomorphism) and not of the difference among groups (Gregorius et al. 2007 ). 
Relatedness Among cp-haplotypes
The relatedness among cp-haplotypes was computed using the genetic distance matrix d 0 among the cpSNPs of each haplotype for a cluster analysis (Single Linkage Analysis).
Bayesian Clustering Analysis
We used a Bayesian clustering method implemented in the software STRUCTURE v.2.3.4 (Pritchard et al. 2000) to check for the number of genetic groups/populations for the 10 nSSRs. For this analysis, we only used the 308 individuals that had data for at least 5 of the nSSRs. We set the length of burn-in and Markov chain Monte Carlo to 15 000 and tested K values from 2 to 10 for 40 times. We used the admixture model with correlated allele frequencies. The optimal number of genetic clusters was estimated with the ΔK method (Evanno et al. 2005) . For each optimal K, data from the 40 STRUCTURE runs were permuted with CLUMPP v.1.1.2 (Jakobsson and Rosenberg 2007) to obtain the final Q values for each individual. Results were finally analyzed and graphically represented using the software CLUMPAK (Kopelman et al. 2015) .
Genetic Assignment
We used a Frequency (Cornuet et al. 1999) , Bayesian (Rannala and Mountain 1997) , and a recently developed nearest neighbor method to assign individuals to their population of origin. The first 2 methods are based on the estimation of allele/haplotype frequencies in each of the alternative groups (locations). The new nearest neighbor approach is based on the genetic distance between individuals and assigns an individual to the group (population or country) with the highest proportion of genetically most similar individuals (nearest neighbors). This method is less sensitive to overlapping sources of genetic differentiation among the groups (populations), such as genetic differences among closely related species, phylogeographic lineages, and isolation by distance, and thus operates more reliable in case of suboptimal groupings of individuals. For the individual assignment, we used the 10 nSSRs and the cpDNA markers aggregated to multilocus haplotypes. As an indicator of the performance of our genetic reference database, we computed the proportion of correctly assigned individuals in selfassignment tests (Cornuet et al. 1999 ). For such tests, the individuals of the reference database were self-classified to the sampled groups (populations) using the leave-one-out approach (Efron 1983) . For the frequency and the Bayesian approaches, we applied the selfassignment routine implemented in the program GeneClass 2.0 (Piry et al. 2004) . For the nearest neighbor approach, we used the program GeoAssign .
Results
Genetic Diversity and Genetic Differentiation
Generally, the effective number of alleles per locus (v) was relatively low for the nSSRs. It varied from 1.45 to 8.16 (Table 3) . At some loci (HC_40, HC_14, HC_33), we detected a strong excess of homozygotes compared to Hardy-Weinberg proportions, shown by a high positive fixation index (Supplementary Material II; F IS per location and locus). Large differences for the departure from Hardy-Weinberg proportions have been detected at different locations (Table 4) . For example, the Jatoba trees at Flona do Jamari showed an excess of homozygotes as indicated by a high positive F IS -value, whereas the trees at Flona Amapa showed heterozygosity values close to Hardy-Weinberg expectation. We also observed large differences for the effective number of alleles (v) among the different locations. Here the average values varied from 2.26 (Flona Amapa) to 4.78 in Flona do Jamari (Table 4) . The allele variation of the 14 cp-SNP markers led to the detection of 14 different multilocus haplotypes. The genetic distances among locations at the cp multilocus haplotypes ranged between 0.281 (between Flona Amapa and Flona do Jamari) and 1 for most pairs of locations. For some of the cp-haplotypes (H1, H3, H7), there was a clear spatial structure, whereas other cp-haplotypes (H14) did not show any clear structure or were private for a single location ( Figure 1A) . The haplotypes H1, H2, H3, H5, and H14 create a relative similar group, which is the most differentiated in terms of cpSNP composition compared to all other haplotypes (dendrogram in Figure 1A) .
The gene pool distances of the nSSRs among all locations were significant in 91% of all cases and varied from 0.213 between locations Awala and Iracoubo within French Guiana, to a maximum of 0.788 between locations Cobija (Bolivia) and Jenaro Herreara (Peru). The correlation among the matrices of gene pool distances at nSSRs and the cp-haplotypes was weak (0.231) and not statistically significant. The population fixation (F ST ) and genetic differentiation (δ) values were high (Tables 3 and 4) , and the highest F ST and δ were observed for the cp-haplotypes.
Bayesian Cluster Analysis
The results of the STRUCTURE analysis showed that based on delta K, the best representation of the data is obtained with a K of 8 or 4 distinct genetic groups (Figure 2 , figures with mean membership coefficients of the Hymenaea individuals for all groups K = 2 to K = 10 are given as Supplementary Material IV). For K = 8, there were a few locations where individuals were assigned to different genetic groups (e.g., Flona do Jamari, Resex Tapajos, and Esec de Maraca in Figure 3 ). The samples from French Guiana were very homogeneous, and created a single genetic group (G8 in Figure 1B) . We found that individuals assigned to genetic groups G3 and G5 were mainly distributed in the middle of the Amazon basin and individuals belonging to group G4 were more frequently located in the South-East ( Figure 1B) . The spatial pattern of the genetic groups generated by STRUCTURE is completely different from the spatial pattern of cp-haplotypes ( Figure 1A) . Examples of clear differences are the 3 populations from French Guiana. They are exclusively composed out of individuals assigned to group G8 in STRUCTURE but show variable cp-haplotypes. 
Genetic Assignment
On average, the 3 different assignment methods provided similar, high self-assignment percentages of 89% (nearest neighbor), 88% (Bayesian method), and 88% (frequency method) correct assigned individuals for each location (Table 4 ). However, the success rates in the different locations depended on the assignment method. For all methods, 6 to 7 locations reached values of 90% and better. For the population at Resex Tapajos, all methods generated only weak self-assignment rates with 63% or less. The high genetic similarity among the 2 sampling locations in Tapajos suggest the existence of a single population, resulting in weak discrimination power among both locations, and thus the individuals get mixed up in the assignment. Generally, the results for each location were quite similar among the Bayesian and the frequency method. Compared with the other 2 methods, the nearest neighbor approach showed higher selfassignment rates in Rurrenabaque, Flona do Jamari, Esec de Maraca, and Iracoubo; similar success rates in Flona Amapa, Xapuri Acre, and Jenano Herrera; and weaker results in Cobija, Flona de Tapajos, Resex tapajos, Awala, and Guatemala. For all 3 methods, the success rates were negatively correlated (Tables 4 and 5 ) with the observed heterozygosity (H o ), expected heterozygosity (H e ), fixation index (F IS ), and the effective number of alleles (v). These correlations were statistically significant for the expected heterozygosity (H e ) in case of the Bayesian method and the frequency method (Table 5) but not for the nearest neighbor method. A positive and statistically significant correlation was observed among the genetic differentiation (δ) and the success rates of self-assignment for all 3 methods.
Discussion
Diversity, Heterozygosity, and Genetic Differentiation
Our study displayed only moderate levels of genetic diversity for the nSSRs of H. courbaril. Similar levels of genetic diversity were also (Lacerda et al. 2008a; Ramos et al. 2009 ). The mean level of genetic diversity varied strongly among locations, and we found a positive correlation among genetic diversity and fixation index (F IS ). We explain at least a part of the diversity variation with a variation in the level of subpopulation mixtures at the different locations. This is also supported by the results of the STRUCTURE analysis. Also, the observed excess of homozygotes varied strongly among loci and locations. Variation in homozygosity levels among different loci can be explained by different levels of null alleles or by the Wahlund effect (Wahlund 1928) . Variation in homozygosity levels over all loci among different populations could be explained by different levels of inbreeding. But, in a former detailed study on the mating system of H. courbaril only little evidence for inbreeding has been observed (Lacerda et al. 2008b) . One possible explanation for a Wahlund effect could be that the species H. courbaril has in fact different subspecies, which may be adapted to different ecological niches like rain forest or savannas, but that the subspecies are genetically permeable (Ramos et al. 2009; Resende-Moreira et al. 2017) . We found strong and significant genetic differentiation among locations (nSSRs: F ST = 0.11-0.60; δ = 0.22-0.74; cp-haplotypes: F ST = 0.60, δ = 0.84). Another study also found high genetic differentiation with nSSRs for populations of H. courbaril in Brazil . But, for other tropical tree species with broad distribution areas, smaller values for genetic differentiation among populations were found for nSSRs (e.g., Entandrophragma cylindricum (Sapelli) F ST = 0.053; Jolivet and Degen 2012). The overall low genetic variation, but strong genetic differentiation, can be explained by bottleneck effects in genetically isolated subpopulations (Ramos et al. 2009 ).
Genetic Structure at cp-haplotypes
We found a total of 14 different cp-haplotypes which showed significant genetic differentiation among populations ( Figure 1A) . Only 3 out of 12 populations were fixed to a single cp-haplotype. Another phylogeographic study for H. courbaril var. stilbocarpa found a total of 18 haplotypes, and 13 of these haplotypes were exclusively present in one population (Ramos et al. 2009 ). Together with individuals from other species of the same genus (H. stigonocarpa, H. aurea, and H. reticulata) , the authors identified a total of 40 haplotypes. Moreover, they found that H. courbaril var. stilbocarpa and H. stigonocarpa show very similar genetic haplotype networks. It was suggested that H. courbaril, H. stigonocarpa, and H. martiana constitute a monophyletic group in which H. courbaril corresponded to the parental genetic stock (Lee and Langenheim 1975; Dechoum 2004) . Due to possible misidentifications in the field, we cannot exclude that we may have a mixture of different Hymenaea species in our reference sample collection. Nevertheless, this did not influence the success of the geographic assignments. The lack of correlation of genetic distance matrices between cp-markers and nSSRs indicate that different population processes are shaping the distribution of cp-haplotypes and nSSRs alleles, this is perhaps indicative of different dispersion capacities of seeds and pollen. Recently such a contrasting pattern has been observed for broad-leaf tree species in Japan (Tono et al. 2016) . In H. courbaril, the seed dispersal by the vectors wind and vertebrates is much more limited than the pollen dispersal by bats (Lacerda et al. 2008b ).
Bayesian Cluster Analysis
The STRUCTURE analysis based on 10 nSSRs indicated that the genotyped individuals most likely belong to either 8 or 4 different genetic groups. A clear signal of spatial structure has been detected among the genetic groups ( Figure 1B ): a single genetic group (G8) was identified in the French Guiana coastal samples, and one group (G4) was prominent in the southwestern Amazon, with the remaining groups sharing the central Amazon (Brazil). Such differentiation is in accordance with the structure found for other neotropical tree species, such as Carapa spp. (ScottiSaintagne et al. 2013a) and Jacaranda copaia (Scotti-Saintagne et al. 2013b ), but in contrast with others, such as Simarouba amara and Symphonia globulifera, where genetic homogeneity was found from Ecuador to French Guiana (Dick and Heuertz 2008; Hardesty et al. 2010) . The differentiation between French Guiana and the rest of Amazonia could indicate either a coastspecific population of H. courbaril, or be the signal of past demographic events during the last glacial maxima and isolation from the Guyanese flora from the rest of Amazonian flora (Dutech et al. 2003; Scotti-Saintagne et al. 2013a) . To distinguish between the 2 hypotheses, H. courbaril samples from the interior of French Guiana should be included in future studies.
In contact zones, there was a mixture of individuals belonging to different genetic groups. Two locations were dominated by admixed individuals at K = 8 (Flona do Jamari, Resex Tapajos), showing introgression between different groups. Two other locations were composed of individuals assigning to one of 2 groups: Cobija in Southern Peru (G2 + G4) and Esec de Macaraca in Northern Brazil (G2 + G3, see Figure 1B ), perhaps this is indicative of at least 2 coexisting Hymenaea subspecies. Particularly in Cobija, individuals assigned to either group also had different cp-haplotypes, further supporting such hypothesis. Another explanation of the mixture in these locations could be a recent contact of different postglacial recolonization linages. Further research should be aimed at ascertaining whether the G4 group corresponds to a phenotypically and biologically identifiable taxon on its own.
Genetic Assignment and Practical Application
Level of Success Rates
The analysis of the presented genetic reference database for all 3 assignment methods led to relatively high success rates for selfassignment tests on the level of location (88% on average). For about half of the locations, the self-assignment was successful for 95% to 100% of the samples. On average, 12% of the samples have been assigned to other, in most cases, neighboring locations. For Swietenia macrophylla, Degen et al. (2013) -working with a nSSR data setfound assignment percentages of 82% at the country level and 71% at the population level. Recently, a study carried out in Malaysia for the CITES tree species Gonystylus bancanus came up with selfassignment rates of on average 55% on the population level, working with a set of 16 nSSRs (Ng et al. 2016) . Working with SNP data of Entandrophragma cylindricum (Sapelli), the assignment percentages on the country level varied between 66% to 74%, depending on the assignment method ). Compared to these assignment reference databases, the Hymenaea reference database shown here represents a robust assignment tool available to timber companies or governmental agencies to test and validate origin declarations. It would be desirable for the timber sector to add such genetic controls as an independent audit on top of paper-based proofs of the chain of custody . It is important to note that the power of the genetic reference data to detect false declarations reaches 100% if more than one sample with the same declaration was tested.
Differences Among Methods
The average success rate was comparable among the 3 methods. However, we found different values for some locations depending on the method. The success rates of the Bayesian method and the frequency method were similar for all populations, but the nearest neighbors approach showed different values for some locations. The negative correlation of assignment success with expected heterozygosity and fixation index were weaker and not significant for the nearest neighbor approach. Such correlation confirms the expectation that the nearest neighbor approach is less sensitive to departures from Hardy-Weinberg proportions (i.e., high F IS ) , which is true especially when the excess of homozygotes is caused by a mixture of populations (Wahlund effect) . The nearest neighbors approach was the best method for self-assignment in Flona do Jamari with the highest H e , v, and F IS .
Spatially structured significant intraspecific variability is essential to verify the geographic origin of individuals, as system-wide low variability is a factor that limits the discriminating power to differentiate between populations (Tnah et al. 2009 ). Within the system, the magnitude of genetic differentiation among the different genetic groups inferred is a determinant for the success of genetic assignment (Ogden and Linacre 2015) . Indeed, our study confirms such relationship as the success rates of self-assignment were positively correlated with the level of genetic differentiation. Conversely, we found that high levels of intrapopulation diversity (H e or v) had a negative impact on the success rate of self-assignment. Such a relationship is to be expected, because the more alleles the tested population has, the higher the chances of having alleles in common with other populations, hence reducing the self-assignment success. The size of units that can be genetically differentiated depends on the level of common recolonization history of the individuals, the scale of spatial genetic structure created by limited pollen and seed dispersal and thus the level of genealogical relationship among the individuals. The simple conclusion is that genetic reference data for small units are generally more useful for tracking purposes than larger units.
Outlook
Like other studies looking at different tree species in Africa (Jardine et al. 2016; Pakull et al. 2016; Blanc-Jolivet et al. 2017) , we are currently screening a large set of nuclear SNPs for Hymenaea. In doing so, we expect to create an even more comprehensive genetic database, enabling geographic tracking at a continental level based on genetic markers. Compared to nSSRs, smaller nuclear SNPs are less sensitive to amplification failure due to DNA degradation in wood. Moreover, we are collecting morphologically described material from 6 different Hymenaea species in Brazil. These samples will be analyzed using the same gene marker set, which will hopefully help to improve insights into the taxonomical situation in the genus Hymenaea. The ongoing SNP development includes a prescreening with a larger set of SNPs and a set of geographically well distributed Jatoba trees. As a result of the pre-screening, a smaller final set of gene markers with high genetic differentiation and a good success rate of self-assignment will be selected for the screening of the whole set of reference individuals.
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